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Glossary
AU Astronomical Unit.
FMI Finnish Metereological Institute.
IaaS Infrastructure and Network as a Service.
IAU International Astronomical Union.
ICRF International Celestial Reference Frame.
INTA Instituto Nacional de Te´cnica Aeroespacial.
MER Mars Exploration Rover.
MetSis Solar Irradiance Sensor for MetNet.
MMPM MetNet Mars Precursor Mission.
MOLA Mars Orbiter Laser Altimeter.
PaaS Platform as a Service.
SaaS Software as a Service.
UCM Universidad Complutense de Madrid.
UT Universal Time.
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Chapter 1
Introduction
1.1 Mars
Mars is the third largest terrestrial planet in the Solar System, after Earth and Venus, having 11% of the mass of
the Earth and 15% of its volume. The surface gravity on Mars is 38% of the Earth. The distance of Mars to the
Sun varies from the perihelion distance of 1.38 Astronomical Units (AU) to the aphelion distance of 1.67 AU.
Mars has only a very thin atmosphere, the surface pressure averaging at only 0.63% of 1 standard atmosphere
(atm) (Williams, 2010).
One Martian solar day (sol) is 0.6597 hours longer than the day on the Earth, 88775 seconds compared to
86400 seconds. The length of a Martian year is 668.60 sols, or 686.98 Earth days. The axial tilt of Mars is
25.19◦, which is close to the Earth’s tilt of 23.44◦.
The Martian atmosphere consists mostly of CO2, with 95.32% contribution to the volume. After CO2, the
most common compounds are N2 (2.7% of the volume) and Ar (1.6% of the volume).
Mars has two moons, Phobos and Deimos. Phobos is the larger one of the two, having 1.44 · 10−7 of the
mass of the Earth’s moon and 2.54 · 10−7 of its volume. Deimos has 3.27 · 10−8 of the Mass of the Moon and
6.25 · 10−8 of its volume.
Both moons revolve around the planet much faster than the Moon revolves around the Earth. One orbital
period of Phobos is 0.32 Earth days, or 0.31 sols. For Deimos the orbital period is 1.26 Earth days, or 1.23 sols.
For comparison, the orbital period of the Moon is 27.3 days.
1.2 Martian atmospheric research
There are two primary motivations for researching Martian atmosphere. One is pure scientific curiosity. Hu-
manity has always been interested in exploring, and now that the land surface of the Earth is known to a good
degree, we are looking for new places to see. Even though Mars may not be likely to yield big surprises any
more, some aspects of the planet are still largely unknown. In addition, detailed knowledge of almost any
scientific field is significantly lacking.
Another very important reason for conducting Martian studies is comparative planetology: by investigating
Mars, we can increase our knowledge of the Earth. Not only does Mars give us general information about rock
planets, it also resembles the Earth enough in physical properties and the location in the Solar System for us to
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see a possible future Earth there. In addition, the solar day length and the axial tilt are so close to those values
of the Earth that the dynamical behaviors of the atmospheres are very close to each other.
1.3 Finnish–Spanish cooperation
Finnish Meteorological Institute (FMI), The Complutense University (UCM) in Madrid and Instituto Nacional
de Te´cnica Aeroespacial (INTA) have been cooperating in Martian atmospheric research since the Beagle 2
mission in 2001. The cooperation deepened in 2007 when Finnish–Spanish–Russian MetNet Mars lander
mission was started. In the recent years FMI has attended several UCM/INTA summer schools about Mars, and
UCM scientists have visited FMI. Several collaborative scientific papers have also been published with authors
from each institute.
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Chapter 2
Eclipses of Phobos
Solar eclipses of Phobos will be used as complementary information for the localization of the MetNet landers
landing site on Mars, as well as to study atmospheric properties using shadow density measurements in different
spectral intervals. In order to detect such events, we propose studying marked decreases of the solar radiation
flux detected by a Solar light sensitive device (MetSis) which is part of the MetNet scientific payload. Met-
Net payload operations control will be executed according to a predefined command sequence at regular time
intervals. For the establishment of the optimal data acquisition sequence for MetSis, an areographic temporal
pattern of Phobos solar eclipses has been developed.
Results have been also applied to predict any possible eclipse event for the Viking, Pathfinder, Phoenix and
Mars Exploration Rovers (MER) missions in order to validate the developed models and to study the feasibility
of the detection by different devices.
2.1 Parameterization of eclipses
In order to generate the chronogram of the shadow path across the surface of Mars, models for the latitudinal
and longitudinal Phobos shadow motion and its shadow size have been derived. Previously, with the aim of
choosing the currently best set of the parameters needed for a precise prediction of eclipses, the observed
Phobos eclipses with known position coordinates have been analyzed. Thus, an additional geometrical model
for an observer placed on Mars with known coordinates is described.
2.1.1 Phobos eclipses from an observer with known coordinates
As seen from an observer placed at coordinates (ϕ, λ, h), Phobos projection onto the Sun disc plane can be
modeled as an ellipse centered at Phobos center projection. The axis for that projection may be obtained by
simply taking the line through the observer and Phobos, thus the interception point of this line and the Sun disc
itself will be the center of the elliptical Phobos projected onto the Sun. According to Figure 2.1, where the
geometry of a Phobos transit as seen from an observer on Mars surface is depicted, the vector of Phobos center
projection, S, is determined by means of the equations:
rs′ = rO + κ′s0,
κ′ = rO · s0 +
√
(rO · s0)2 + d2CMS ′ − (RM + h)2,
(2.1)
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Figure 2.1: Geometry of a Phobos transit as seen from an observer on Mars surface.
where dCMS ′ is the distance from the Mars center to the Phobos center projection onto the Sun disc plane, S, rO
the position vector of the observer and s0 the unit vector of the line trough the observer and Phobos.
Semi-major and minor axis of the projection are that of Phobos properly scaled to the Sun disc by means
of the distance from the observer to the Sun.
a = RPV
κ′
dPObs
,
b = RPH
κ′
dPObs
,
(2.2)
where dPObs is the distance from the observer to the center of Phobos and RPV and RPH are the Phobos polar
radius and the Phobos mean equatorial radius, respectively.
Finally, initial and final contact points of any possible eclipse are determined when the resulting ellipse
intersects the Sun disc.
2.1.2 Phobos eclipses for an observer with unknown position
Phobos shadow footprint lies on the surface of Mars when the line through the centers of the Sun and Phobos
with the Mars surface intercepts the Mars surface. The geometry and equations modeling this interception
point, with position vector rC may be obtained from the Figure 2.2 and are exhaustively developed in the work
of (Romero et al., 2011). These equations can be expressed as a function of the areocentric areoequatorial
position vectors of Phobos and the Sun, rP and r, respectively, the Mars radius RM and the distance between
them dMP, by means of:
rC = rP + κs,
κ = −rP · s −
√(
rp · s
)2 − d2MP + R2M, (2.3)
where
s =
rP − r∣∣∣rP − r∣∣∣ , (2.4)
is the unit vector of the line through the centers of the Sun. The square root becomes positive when the angle
between the position vector of Phobos and s vectors is less than 21.18◦.
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Figure 2.2: General geometry of eclipses at un unknown point C on the surface of Mars.
Figure 2.3: Shadow shape geometry.
2.1.3 Shadow shape model
The 2-D shadow has been modeled projecting Phobos as an ellipsoid onto the Mars surface along the shadow
axis determined by the same line through the centers of the Sun and Phobos. Again the geometry and equations
for modeling the 2-D shadow shape and its evolution are explained in the work of Romero et al. (2011) and
may be obtained from the figure 2.3 by means of the equations:
rC1 = rP1 + κ1
rP1 − rVS∣∣∣rP1 − rVS ∣∣∣ , (2.5)
where rVS and dPVS are:
rVS = rC −
(
κ + dPVS
)
s,
dPVS =
RPdP
RP+R .
(2.6)
Phobos orbit size and semimajor-axis are such that total eclipses are never experienced. However, partial
annular eclipses occur very often. The total area obscured by Phobos ranges from 12.1% to 37.8%.
2.2 Validation of parameters connecting Earth-Mars reference frames and or-
bital models for Mars and Phobos
We have applied different values for the parameters relating the involved different reference frames in the eclipse
times computations within the models described in section 2.2 for the few currently available observations of
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Figure 2.4: Prediction offsets for MER-MOLA observed
events with different values of parameters.
Figure 2.5: Prediction offsets for MER events.
Phobos eclipses from the Mars surface: 15 events from Mars Orbiter Laser Altimeter (MOLA), from 1999 to
2004 (Bills et al., 2005); 4 events directly observed from the Mars Exploration Rovers A and B (MERs) in 2004
(Bell et al., 2005), and another one from MER-B in 2010 (Dean et al., 2010).
Offsets obtained using different values of parameters given in Allison and McEwen (2000), Archinal et al.
(2011), Burkhart (2006), Chapront-Touze´ (1988), Oberst et al. (1998) and Standish and Williams (2009) are
shown in 2.4. As it can be seen, parameters given in Oberst et al. (1998) and Standish and Williams (2009) fit
MOLA observations with a mean offset of 3 s and MERs with 11 s, respectively (Figure 2.4). These discrepan-
cies may be due to the uncertainties fixing the Mars Prime Meridian and its successive value changes (Duxbury
et al., 2002).
Figure 2.5 shows the same analysis for parameters given in Burkhart (2006), Standish and Williams (2009)
and Archinal et al. (2011) for MERs observations, showing a mean offset much smaller than the clock drift on
the rovers, about 3 s for MER-B and 9 s for MER-A (Bell et al., 2005). These parameters, listed in Table 2.1,
have been used in the prediction model for MetNet mission life-time.
Mars ephemerides have been derived using Mars orbital parameters updated in Standish and Williams
(2009). For the Phobos ephemeris we have used the developments given in the work of Lainey et al. (2007).
Phobos has been modeled as an ellipsoid whose axes are given in Willner et al. (2010).
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Table 2.1: Values for the parameters connecting Mars Reference Systems.
α0 (deg) 317.68143 − 0.1061T Archinal et al. (2011)
δ0 (deg) 52.88650 − 0.0609T Archinal et al. (2011)
W (deg) 176.630 + 350.89198226d Archinal et al. (2011)
VM (deg) 313.3828 + 350.89198226d Burkhart (2006)
Ωq (deg) 35.4371 Standish and Williams (2009)
Iq (deg) 25.1886 Standish and Williams (2009)
(α0, δ0) are the International Celestial Reference Frame (ICRF) coordinates of the North Pole of rotation of Mars at the standard epoch,
W is the angle measured easterly along the Mars equator between the node of the Mars equator upon the ICRF equator and the Prime
Meridian. VM is the angle along Mars equator from the Vernal Equinox to the Prime Meridian, Ωq is the angle along the Mars mean
orbit between the Mars mean node and the Mars Equinox and Iq is the inclination of the Mars equator upon the Mars mean orbit. T
is the interval in Julian centuries (of 36525 days) from the standard epoch and d is the interval in days from the standard epoch. The
standard epoch is Julian Date 2451545.0, i.e. 2000 January 1, 12 hours TDB.
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Chapter 3
Phobos eclipse prediction model applied to
the Mars MetNet Precursor Mission
Since one of the MetNet Mars Precursor Mission (MMPM) main goals is to demonstrate the landing concept,
the mission is aiming at an equatorial descent insertion with high enough atmospheric pressure to support the
aerobraking unit in order to maximize the possibility of success for landing. This envisaged descent limits the
possible latitude range to be close to the equator, being estimated within a latitude band of δϕ = ±5◦.
The operations control of the lander payload will be executed according to a predefined command sequence
at regular time intervals. To observe the Phobos eclipses, it is necessary to develop a chronogram of eclipses
prior to launch in order to adequate an optimal data acquisition sequence for MetSis for this latitudinal con-
striction. Analyzing the motion of the intercepting point modeled in Section 2.1.2, patterns for the latitudinal
and longitudinal Phobos shadow motion have been derived (Romero et al., 2011) and applied here to deal with
the strategy of implementing the data acquisition sequence for the MetSis instrument.
3.1 Observational windows
Conditions for Phobos eclipses to occur on Mars, as they were introduced in Section 2.1.2, are met twice a
Martian year, covering a range of latitudes of about [−70◦, 70◦], lasting just a few days within the forecasted
MMPM landing site band. Figures 3.1 and Figure 3.2 show the latitudinal pattern of the shadow motion and
its restriction to the δϕ = ±5◦ MMPM landing site band for the period 2011 − 2013. As it can be seen, the
constrained MMPM landing site latitude characterize the days to observe, thus activation is needed at specific
dates and times each year during MMPM forecasted lifetime.
3.2 Initial-final contact times
Analyzing again the motion of the intercepting point modeled as it was shown in Section 2.1.2, Phobos footprint
moves rapidly over the Mars surface, covering mean stripes of about 166.824◦ every 7.657h three times per day,
as it can be seen in Figure 3.3. With a shadow mean velocity on Mars of 3◦/min, Phobos eclipses take about 55
minutes to cover the whole stripe.
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Figure 3.1: Latitudinal shadow motion.
Figure 3.2: Latitudinal shadow motion within the latitude
band of [−5◦, 5◦].
Thus the instant at which each passage occurs on a specific place is determined by the observer longitude.
To ensure detection, the activation shall be made daytime every 7.657 hours during 1 h, 55 minutes needed to
cover the whole stripe in longitude plus a margin. Measurements should be taken every second to accomplish
approximately 3 km precision for positioning the lander.
3.3 Shadow shape
Figures 3.4 and 3.5 depict the behavior of the shadow shape as it moves away from the subsolar point, departing
from a nearly circular outline to a rather elongated one. For the forecasted latitude band, the shadow size departs
from a nearly 30 km radius circle to an elliptical shape, with major axis ranging from 62.5 km up to 700 km
along the shadow track and minor axis from 56.5 km up to 57.6 km. This rapidly growth of the shadow size
simultaneously occurs to a shadow speed rise, so shadow passages duration for a fixed point on the surface of
Mars remain of the same order, lasting about 30-50 seconds for a central passage.
The rapidly growth of the shadow size simultaneously occurs to an increase of the shadow speed, so shadow
passages duration for a fixed point on the surface of Mars remain of the same order. Table 3.1 shows the shadow
sizes and the speed of the shadow, as well as the eclipse durations for different places within the forecasted
MMPM latitude landing site band, showing how the eclipses last about 30–50 seconds for a central passage,
despite the different shadow widths along a longitude shadow path.
3.4 Conclusions
Taking into account the above considerations, the solar eclipse mode will have to be activated at the beginning
of the first complete transit for each eclipse season during daytime in the pre-calculated time windows. The
data acquisition sequence will have to last 1h (55 minutes to cover a whole transit plus a 2.5 minutes margin
before and after to ensure detection), with delays of 7.657 h each.
Table 3.2 summarizes the date intervals for the eclipse seasons for the period 2011-2013 which allow the
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Figure 3.3: Shadow path in longitude for eclipses at 2012/Sept./10, 2012/Sept./22 and 2012/Oct./04.
Table 3.1: Velocity of the shadow and shadow passage duration relationship within the band δϕ = ±5◦ in three
different places of a transit.
Mean velocity Mean shadow Shadow passage
Latitude Transit of the shadow major axis mean duration
(km/s) (km) (s)
Beginning 13.6 500 37
ϕ = +5◦ Middle 1.9 63 33
End 14.7 500 34
Beginning 13.7 505 37
ϕ = 0◦ Middle 1.9 63 33
End 13.6 510 37
Beginning 13.2 500 38
ϕ = −5◦ Middle 1.9 63 33
End 14.6 540 37
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Figure 3.4: Variations in shadow aspect ratio as a
function of the latitude of C for one eclipse season in
2012.
Figure 3.5: Variations in shadow aspect ratio in one
day (2012/Sept./22).
observation of eclipses within the latitude band of δϕ = ±5◦, already illustrated in Figure 3.2, as well as the
starting universal time (UT) cyclogram time applying the cited 2.5 minutes margin.
Table 3.2: Dates for observing eclipses in the band of latitude δϕ = ±5◦.
Year Number of days Starting date Ending date Cyclogram Start (UT)
2011 26 07/Sept. 02/Oct. 04:19:39
2012 24 10/Sept. 04/Oct. 07:30:45
2013 29 23/July 21/Aug. 04:47:44
In case the amount of data generated exceeds the storage capability of the onboard computer, the infor-
mation associated to several channels could be discarded. However, if a longitude band of the landing site is
constrained before the separation of the MMPM, the modification of the primary cyclogram will be consid-
ered. For example, for a boundary of 30◦ in longitude, 12 minutes of observations (which includes 2 minutes
for error margin) with a frequency of 1 second would be implemented without disabling any sensor channel.
These possible scenarios are clearly shown in table 3.3 which gives an estimate of the number of measures to
be implemented annually, even if the landing site latitude band is restricted to δϕ = ±2◦.
Table 3.3: Measurements estimation for 2011, 2012 and 2013 under different landing site constrictions.
δϕ = ±5◦ δϕ = ±2◦
step 2011 2012 2013 2011 2012 2013
δλ = 360◦ 1 sec 280800 259200 313200 140400 129600 1512003 secs 93600 86400 104400 46800 43200 50400
δλ = 30◦ 1 sec 18720 17280 20880 9360 8640 100803 secs 6240 5760 6960 3120 2880 3360
Page: 14 of 34
Chapter 4
Eclipse prediction model applied to Mars
missions
In this section we will apply the Phobos eclipse prediction models described in Chapter 2 to the Mars missions
Viking, Pathfinder and Phoenix independently. Though for the latter missions there were no Phobos eclipses
occurrence during their lifetime, the Pathfinder mission could act as a good laboratory on applying some known
techniques to the data sent by the Mars Pathfinder spacecraft.
Some new techniques and tools have been developed to manage its data sets that may be of great interest
and usefulness for other missions and many scientific studies with the aim of acquiring as much information
as possible from the data. It might become needed the use massive computing resources, in that context cloud
computing will provide an environment of an an almost infinite and efficient computing infrastructure. Addi-
tional information on this transversal instrument, Cloud Computing, will be described in detail in Chapter 5.
4.1 Pathfinder and Phoenix
Mars Pathfinder was an US spacecraft that landed on Mars surface on July 4, 1997; and was operative until
September of the same year. The also US Phoenix arrived Mars on May 25, 2008 and was operative until
November of that year. Figures 4.1 and 4.2 show the latitudinal motion of the shadow during both the Pathfinder
and Phoenix lifetime missions, providing evidence that Phobos shadow never went across their latitudinal
landing site during their operation, isolated in both figures with dashed lines.
However, the knowledge acquired on Pathfinder data analysis and the developed scientific tools might
become of great interest as a Scientific Laboratory for Mars Meteorological Data Analysis missions.
4.1.1 Pathfinder data analysis
Pathfinder mission sent back a huge amount of readily well documented and ordered data. Though it is easily
readable (plain text files), the data is spread over many files not uniquely sampled, with a sampling rate varying
from 1 to 4 seconds. A Mars day is stored in several files placed usually in several different folders (sessions).
Some specific tools have been developed to manage these data sets, such as extracting usable time scales (Sun,
hour), unifying sampling rates (by average of higher rates) and computing relevant quantities.
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Figure 4.1: Phobos eclipses latitudinal occurrence during
Pathfinder lifetime.
Figure 4.2: Phobos eclipses latitudinal occurrence during
Phoenix lifetime.
Besides, three main sets of analysis are being applied: Data adjust to a given partial differential equation;
Statistical Analysis and Spectral, Wavelet and Tomographic analysis.
Adjust to a given partial differential equation
We are now focusing on this method, assuming that the data can be modeled by a known homogeneous partial
differential equation with unknown parameters. Following a finite difference scheme this parameters can be
estimated by an highly over dimensioned linear equations system.
Statistical analysis
Usual techniques of statistical analysis will be taken in account, such us:
• Reduction of dimensionality (PCA).
• Linear Modelling (ARIMA Models)
• Linear and Nonlinear Regression
Carried out studies show data is mostly nonlinear, showing to fit better to a cubic approximation.
Some of these methods and routines had been redeveloped, since they needed to be migrated into cloud comput-
ing due to the high computing resources required, and existing statistical packages, such as R, SPSS or Matlab,
are not suitable for cloud computing.
Spectral, wavelet and tomographic methods
We propose the usual analysis of stationarity, frequency and resolution. Carried out studies show data is mainly
non-stationary and multi-resolution.
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A tomographic analysis of the data is also proposed. Tomographic analysis involves on using as projecting
basis the eigenvectors of linear combinations of operators (time-frequency, time-resolution, time-conformal)
Aguirre et al. (2011a,b).
This tools may be also useful to detect dust devils and plasma effects.
Fast Fourier transforms techniques
These methods are directly applicable only when the data sequence is evenly spaced in the independent var-
iable (Don Secrest, 1965; Kuhn, 1982; Horne and Baliunas, 1986; Schulz and Stattegger, 1997; Yaroslavsky
et al., 2005), so the unevenly distributed data shall be interpolated to create a sequence of evenly spaced data.
Among the applied interpolation models are:
• Linear: We lost the high frequency components.
• Lagrange interpolation
• Cubic-Splines: Better results with some limitations.
4.2 Viking
An analogous procedure as the one made for MERs mission in Sections 2.2 and 4.1 has been made in order to
predict the occurrence of Phobos eclipses over the long living Viking 1 and 2 missions, using the full meteoro-
logical data that has been made available recently by the FMI team (Kemppinen, 2011; Kemppinen et al., To
be submitted).
Since there are uncertainties on the placement of both Vikings (see Tables 4.1 and 4.2) and the Earth-Mars
reference systems transformation parameters for Viking epoch, the prediction results must be considered as a
good estimate and common patterns of possible eclipses should be looked for within a narrow time neighbor-
hood of it.
On the other hand, Viking data is unevenly distributed and frequently presents gaps that last much more
than a Phobos eclipse does (up to hours or days) that might make a systematic quest difficult. In addition to
the gap problem, the uneven main sampling rate was not good, being sometimes greater than the duration of a
single eclipse, so even if there were no gaps or other problems, the eclipses might be invisible in the data.
4.2.1 Prediction and analysis
Taking the above considerations into account, eclipses have been searched for around the predictions for both
Viking 1, listed in Table 4.3, and Viking 2, listed in Table 4.4.
Figures 4.3 and 4.4 depict the typical temperature and pressure variations along a Martian sol for one of
the predictions for Viking 1 (Viking 1, sol 206). As it can be seen there is a huge signal noise in the case
of the temperature, which increases greatly as the temperature does. One could expect to have better results
when seeking the eclipses occurring at noon, when the atmospheric temperature would be higher, but this noisy
behavior would hide the event. On the other hand, when this noise variations are much lower, such as at sunrise
or sunset, or even in certain cold seasons, the thermic response of an eclipse would be seriously attenuated.
The pressure variations are in general, as it can be seen in Figure 4.4, of a few millibar within a whole sol and
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Table 4.1: Placement of Viking 1 according to dif-
ferent references.
N Latitude E Longitude Elevation
(deg) (deg) (km)
Folkner et al. (1997) 22.26919 311.7783 -00.18436
Oberst et al. (1998) 22.26920 311.7783 -00.18000
Standish and Williams (2009) 22.27010 311.8216 -00.16108
Standish et al. (1992) 22.27198 311.8027 -00.12098
Bills et al. (2005) 22.26890 312.0434 N/A
Horizons Web Service 22.22125 312.0320 +04.32261
Planetocentric coordinates. Altitude is defined above the Interna-
tional Astronomical Union (IAU) Mars mean radius of 3389.5 km.
Table 4.2: Placement of Viking 2 according to dif-
ferent references.
N Latitude E Longitude Elevation
(deg) (deg) (km)
Folkner et al. (1997) 47.66802 134.0100 -7.7051
Standish and Williams (2009) 47.668773 134.0532 -7.6860
Standish et al. (1992) 47.670157 134.0343 -7.5845
Horizons Web Service 47.595359 134.2640 -4.5476
Konopliv et al. (2006) 47.595359 134.2640 -4.5476
Planetocentric coordinates. Altitude is defined above the IAU Mars
mean radius of 3389.5 km.
Table 4.3: Phobos eclipse prediction for Viking 1
landing site.
Julian date Sol Date Estimated Length (s)
2443187.1699 202 12/02/1977 30
2443191.3197 206 16/02/1977 35
2443191.6687 206 17/02/1977 37
2443195.4703 210 20/02/1977 25
2443199.6218 214 25/02/1977 15
2443407.3605 416 20/09/1977 32
2443409.2594 418 22/09/1977 32
2443414.7107 423 28/09/1977 20
2443418.8592 427 02/10/1977 23
Table 4.4: Phobos eclipse prediction for Viking 2
landing site.
Julian date Sol Date Estimated Length (s)
2443230.8899 200 28/03/1977 35
2443235.0401 204 01/04/1977 36
2443237.2873 207 03/04/1977 33
2443239.1908 208 05/04/1977 31
2443363.6447 329 08/08/1977 33
2443364.5964 374 09/08/1977 25
2443369.6994 379 14/08/1977 07
2443907.3144 903 02/02/1979 25
2443912.4183 908 07/02/1979 37
2443917.5221 913 13/02/1979 07
2443919.4256 914 14/02/1979 29
2444043.8807 991 19/06/1979 14
2444044.8321 992 20/06/1979 33
2444048.0315 1040 23/06/1979 34
2444052.1820 1044 27/06/1979 34
2444055.9914 1047 01/07/1979 05
2444056.3321 1048 01/07/1979 17
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Figure 4.3: Typical temperature variations on a Mars
sol.
Figure 4.4: Typical pressure variations on a Mars sol.
almost null in a short period of about thirty seconds, a Phobos transit length. Both issues of noisy signal and
low atmospheric response during a transit lasting about 30 s do not allow to find a suitable signal drop that
would account for a Phobos eclipse, neither for temperature nor for pressure.
In order to smooth the noise effect, a running mean analysis for the temperature has been done, assuming
measurements are influenced by its previous and subsequent measures up to 90 seconds. Figures 4.5 to 4.18
show this preliminary analysis for predictions in Tables 4.3 and 4.4 when Viking data is available. Some
marked signal drops may be referred to as an eclipse, but when comparing the whole set of analysis no common
patterns are detected and, in many cases, the drops still seem to depend on the noise, which sometimes rises
up to 4-5 kelvin. Furthermore, even with the best sampling rate of 1 measurement per second, as it can be
seen for instance on Figure 4.18, signal drops appear not to be significant against other neighbor noise-related
temperature drops.
Since the variation of pressure is so small during the periods considered for the analysis (Figures 4.43
to 4.45) smoothing the pressure data is not useful.
Figure 4.5: Viking 1 sol 206a temp.
for eclipse prediction.
Figure 4.6: Viking 1 sol 206b temp.
for eclipse prediction.
Figure 4.7: Viking 1 sol 210 temp.
for eclipse prediction.
Also in order to detect a similar common pattern, candidates were grouped around the prediction time.
Different time intervals of study were applied around this central time, showing no common pattern visible
beyond the noise (see Figures 4.19 and 4.22).
Apart from these preliminary analysis, a tomographic analysis (Section 4.1.1) have been carried out after
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Figure 4.8: Viking 1 sol 214 temp.
for eclipse prediction.
Figure 4.9: Viking 1 sol 416 temp.
for eclipse prediction.
Figure 4.10: Viking 1 sol 418 temp.
for eclipse prediction.
Figure 4.11: Viking 1 sol 423 temp.
for eclipse prediction.
Figure 4.12: Viking 2 sol 200 temp.
for eclipse prediction.
Figure 4.13: Viking 2 sol 204 temp.
for eclipse prediction.
Figure 4.14: Viking 2 sol 207 temp.
for eclipse prediction.
Figure 4.15: Viking 2 sol 208 temp.
for eclipse prediction.
Figure 4.16: Viking 2 sol 329 temp.
for eclipse prediction.
Figure 4.17: Viking 2 sol 991 temp.
for eclipse prediction.
Figure 4.18: Viking 2 sol 992 temp.
for eclipse prediction.
Page: 20 of 34
Doc: MetNet
Revision: 2.2
Release date: April 12, 2012
-20
-15
-10
-5
 0
 5
 10
 15
 20
 0  0.0002  0.0004  0.0006  0.0008  0.001
"vl1.wndtmp.persec.s0103.jul-eclipses-v2" using 2:5
Figure 4.19: Temperature against time of eclipse candi-
dates for Viking . 90 s interval around prediction time
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Figure 4.20: Temperature against time of eclipse candi-
dates for Viking 1. 900 s interval around prediction time
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Figure 4.21: Temperature against time of eclipse candi-
dates for Viking 2. 90 s interval around prediction time
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Figure 4.22: Temperature against time of eclipse candi-
dates for Viking 2. 900 s interval around prediction time
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Figure 4.23: Tomography analysis
for Viking 2 (sols 171–183).
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Figure 4.24: Tomography analysis
for Viking 2 (sols 193–211).
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Figure 4.25: Tomography analysis
for Viking 2 (sols 208–220).
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Figure 4.26: Tomography analysis
for Viking 2 (sols 326–332).
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Figure 4.27: Tomography analysis
for Viking 2 (sols 348–367).
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Figure 4.28: Tomography analysis
for Viking 2 (sols 411–422).
applying a cubic spline interpolation to make the data sequence evenly spaced. Tomographic analysis for
Viking 2 temperature data are shown in Figures 4.23 to 4.31. Since Phobos transits duration is commonly much
lower than the temperature sampling and the signal noise appears to be greater than the expected temperature
drop, a majority of the analysis were meaningless for eclipse detection. However, some of them (for instance,
Figures 4.23 and 4.24) show interesting frequency peaks that may be due to an atmospheric phenomena of
interest, and could be discussed in future works.
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Figure 4.29: Tomography analysis
for Viking 2 (sols 988–1006).
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Figure 4.30: Tomography analysis
for Viking 2 (sols 1010–1016).
 0
 1
 2
 3
 4
 5
 6
 7
 8
 20  40  60  80  100  120  140  160  180  200
’./coefs_1024-1034.dat’
Figure 4.31: Tomography analysis
for Viking 2 (sols 1024-1034).
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4.2.2 Conclusions and future work
Part of the motivation for studying Phobos eclipses on Mars is its application in determining positions. If the
observers position is known, then the position of Phobos could be constrained. Alternatively, if the observers
coordinates are not well known, then the time of a shadow observation could constrain the position of the
observer. However, even though Phobos eclipses can occur frequently over a single place, since their duration
is about 30 seconds, light, temperature and pressure drops associated to these phenomena are very small and
difficult to be observed.
In the case of Vikings, observations could have constrained their positions or even allow to adjust the time
of observations. However analyzed temperature and pressure data is unevenly distributed, sampling rate is
usually slower than the duration of a typical eclipse event, and there exists gaps that could have hidden many
events. Moreover, when data was available the huge noise in the temperature signal and the small variations of
pressure have so far prevented the detection of the expected Phobos eclipse events with techniques used in this
document.
However, some of the developed tools for the analysis, such as tomography, may be of great interest for
studying other atmospheric phenomena, as it has been demonstrated for analyzing data from Pathfinder.
Also of interest would be to investigate what requirements a temperature device needs to meet to be able to
detect an eclipse in terms of the sensitivity of the sensor and noise tolerance.
Figure 4.32: Viking 1 sol 206a
Pressure for eclipse prediction.
Figure 4.33: Viking 1 sol 206b
Pressure for eclipse prediction.
Figure 4.34: Viking 1 sol 210 Pres-
sure for eclipse prediction.
Figure 4.35: Viking 1 sol 214 Pres-
sure for eclipse prediction.
Figure 4.36: Viking 1 sol 416 Pres-
sure for eclipse prediction.
Figure 4.37: Viking 1 sol 423 Pres-
sure for eclipse prediction.
Page: 23 of 34
Doc: MetNet
Revision: 2.2
Release date: April 12, 2012
Figure 4.38: Viking 1 sol 427 Pres-
sure for eclipse prediction.
Figure 4.39: Viking 2 sol 200 Pres-
sure for eclipse prediction.
Figure 4.40: Viking 2 sol 204 Pres-
sure for eclipse prediction.
Figure 4.41: Viking 2 sol 207 Pres-
sure for eclipse prediction.
Figure 4.42: Viking 2 sol 208 Pres-
sure for eclipse prediction.
Figure 4.43: Viking 2 sol 329 Pres-
sure for eclipse prediction.
Figure 4.44: Viking 2 sol 991 Pres-
sure for eclipse prediction.
Figure 4.45: Viking 2 sol 992 Pres-
sure for eclipse prediction.
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Chapter 5
Computing framework
5.1 Use of Cloud Computing
Cloud Computing is a paradigm for on demand, flexible and elastic provisioning of computing resources. Each
computing resource (machines, network, software solutions, applications) is provided as a service. Cloud
Computing is actively used by institutions pertaining to both the Industry (Leukel et al., 2011; Lin et al., 2008)
and the Academy (Wang et al., 2008; Iosup et al., 2011) domains. Provided services fall in one of the levels
described below:
• Infrastructure and Network as a Service (IaaS and NaaS): the lowest level and refers to the virtual ma-
chines and the network connecting them.
• Platform as a Service (PaaS): a complete solution stack built regardless the layer underneath.
• Software as a Service (SaaS): the last layer where the provided software and its associated data reside.
For developing the required computing framework we have worked at the IaaS level, relying in the Amazon
Elastic Compute Cloud1 services. Amazon is a public cloud provider, following a pay-as-you-go philosophy
and consequently fulfilling our needs of a powerful and on demand computing infrastructure.
5.2 Framework architecture
Figure 5.1 shows the framework architecture. Legacy data is pre-processed in order to obtain files containing
tomography values and parameters (experiments). These files will be then integrated in tasks that are exe-
cuted in parallel. This parallel execution takes place in machines from Amazon’s public cloud infrastructure,
allocating a task for each free CPU core.
The central framework is programmed in Perl and so is the wrapper which manages each task. In each task,
the parameters file is read and for each parameter, the coefs (programmed in C++) is executed. Communications
for file staging and remote execution are conducted through SFTP and SSH respectively.
1http://aws.amazon.com/ec2/
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Figure 5.1: Framework architecture and data process flow.
Table 5.1: Characteristics of different machine types offered by Amazon EC2 in the USA-East infrastructure.
C.U. corresponds to EC2 compute units per core, the equivalent to a 1.0-1.2 GHz 2007 Opteron or 2007 Xeon
processor.
Machine Type Cores C.U. Memory Platform Price/hour
Small (Default) 1 1 1.7GB 32bit $0.085
Large 2 2 7.5GB 64bit $0.34
Extra Large 4 2 15GB 64bit $0.68
High CPU Medium 2 2.5 1.7GB 32bit $0.17
High CPU Extra Large 8 2.5 7GB 64bit $0.68
5.3 Efficient computing infrastructure
The Amazon EC2 cloud, based in different global locations (including Europe), provides its users a wide range
of machine images from which different types of virtual machines can be instantiated on demand. These in-
stance types are differentiated by their memory and number of cores per virtual machine as detailed in Table 5.1.
The user is given a single or a set of virtual machines with the requested specifications and the exclusivity of
operation at all levels. When there is no need of the computing resources anymore, the user only has to termi-
nate them. However, accessing to an almost infinite computing infrastructure is not free. Choosing the cloud
services provided by Amazon has its price, as can be seen in Table 5.1, this depends on the type of Virtual
Machine instantiated per hour.
From the computational side we pursuit an efficient execution of this application. This efficiency may
correspond to performance (how fast the data is processed) or throughput (how much data is processed by unit
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of time), but both concepts are compared with the cost of the required computing infrastructure.
A previous research on performance has been conducted from our side, introducing an execution model
for the efficient onboard actualization of an instrumental cyclogram using Amazon EC2 (Vazquez-Poletti et al.,
2012). In this contribution we introduced a metric named Cost/Performance (C/P), which can be obtained by
multiplying cost by Time, being the best setup that with the lowest metric value. Additionally, this work was
used for the development of a cloud computing simulator (Nun˜ez et al., 2011b,a) and a study on autonomic
management of elastic services in the Cloud (Martin et al., 2011; Mian et al., 2012; Nun˜ez and J.L. Vazquez-
Poletti and A.C. Caminero and G.G. Castan˜e and J. Carretero and I.M. Llorente, 2012).
As performance is considered when processing legacy data, it is clear that this factor stands aside when the
framework is to be used with real time data. In this case, throughput becomes the key aspect and a C/T metric
like the one described in Vazquez-Poletti et al. (2010) will be used.
Whether performance or throughput is considered, there is a need to characterize the execution time of the
application. We have profiled the application in a HighCPU Medium machine (see Table 5.1) and the execution
time can be expressed in minutes as:
THighCPUMedium = p
310−13(−2) + p210−82 + p10−5(−6) + 0.2218 (5.1)
where p is the number of parameters to be processed by the framework. These parameters are obtained at the
pre-process phase of the framework as explained in Section 5.2. Similar expressions corresponding to other
machine types should be obtained in order to perform a complete study.
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